Drosophila Slimb (Slmb) is a F-box/WD40 protein which potentially participates in the ubiquitin proteolysis machinery. During development, Slmb is required in limb discs to repress Hedgehog (Hh) target genes, i.e. wingless (wg) and decapentaplegic (dpp), as well as the Wg signal transduction pathway. These repression functions have been proposed from studies using weak slmb alleles. Interestingly, experiments with strong slmb alleles have revealed additional mechanisms in which slmb is required, such as leg dorsal-ventral restriction. We have isolated new alleles of the slmb gene in a screen for new negative regulators of dpp: several amorphs (characterized by genetic and molecular criteria) and a cold-sensitive hypomorph. By performing somatic clone experiments with these new amorphic slmb alleles, we have determined that regulation of Dpp and Wg morphogens by Slmb could be different from what has already been published. We show here that in leg discs, lack of slmb function derepresses the transcription of wg independently of Hh signaling. We present evidence that ectopic legs resulting from slmb 2 clone induction only come from wg misexpression in the normal dpp domain, as ectopic proximo-distal axis are induced dorsally, and adult ectopic legs are often perfect with respect to antero-posterior polarity. In wing discs, transcription of wg, which is normally independent of Hh signaling, is also derepressed in the absence of slmb function. We also describe, in discs bearing amorphic slmb clones and in discs of two other slmb 2 contexts, a novel pattern of dpp expression consisting of an enlargement of the normal dpp domain. Strong evidence indicates that this dpp modi®cation can be linked to imaginal disc regeneration following slmb 2 cell elimination. We have investigated the fate of slmb 2 clones, which disappear before adulthood, and found that two mechanisms of cell elimination can account for imaginal cell regeneration: an early apoptosis and a mechanism of sorting-out which excludes all slmb 2 clones from all imaginal discs. This result suggests that Slmb is likely to be involved, in addition to its repression role on Dpp and Wg, in some other essential cellular mechanism, as in the absence of Slmb, cell af®nities are dramatically modi®ed regardless of the deregulated morphogen and of the type of imaginal disc. q
Introduction
Studies in Drosophila and vertebrates have revealed key roles for signaling molecules of the Hedgehog, Wnt, and TGF-b/BMP families in various developmental processes. In Drosophila imaginal discs, the Hedgehog (Hh) signal, secreted by posterior compartment cells, induces secretion of the Decapentaplegic (Dpp) and Wingless (Wg) secondary signals in a restricted number of anterior adjacent cells. In leg discs, a mechanism not yet characterized establishes a dorsal-ventral (D/V) restriction leading Hh to direct dpp expression in dorsal cells and wg expression in ventral cells. In wing discs, only dpp is expressed in response to Hh signal; expression of wg is a consequence of interactions between dorsal and ventral cells involving activation of the transmembrane receptor Notch (Diaz-Benjumea and Cohen, 1995) . Acting as morphogens, Dpp and Wg play a role both in appendage morphogenesis (Basler and Struhl, 1994; Capdevilla and Guerrero, 1994; Tabata and Kornberg, 1994) and cell proliferation (Serrano and O'Farrell, 1997) . This justi®es the need of a reliable genetic system to repress their expression in the anterior cells that do not receive the Hh signal.
At the moment, three genes have been identi®ed as negative regulators of the Dpp and Wg morphogens: the patched (ptc) gene, which encodes a transmembrane protein that would be the Hh receptor (Marigo et al., 1996) , the gene encoding the cAMP-dependent protein kinase catalytic subunit (PKA) (Jiang and Struhl, 1995; Lepage et al., 1995; Pan and Rubin, 1995) , and recently, the slimb (slmb) gene (Jiang and Struhl, 1998; Theodosiou et al., 1998 ) encoding a F-box/WD40-repeat protein which potentially targets proteins for ubiquitination and proteolysis by the proteasome. The pathways by which ptc, PKA and slmb negatively regulate dpp and wg in imaginal disc anterior cells all involve maturation of the GLI family Zn-®nger transcription factor Cubitus interruptus (Ci) (Dominguez et al., 1996) . The activity of these genes promotes a cleavage of the Ci protein, and truncated Ci protein acts as a repressor of Hh target genes. In cells receiving the Hh signal, Ci cleavage is inhibited, leading to a full length Ci protein that would activate dpp and wg transcription (Aza-Blanc et al., 1997) .
Loss of slmb function leads to ectopic transcription of dpp and wg Hh targets, responsible for supernumerary limb organization, and also leads to constitutive activation of the Wg signal transduction pathway, causing ectopic sensory bristles to arise on adult wings (Jiang and Struhl, 1998) . The F-box/WD40 Slmb protein would normally repress Hh and Wg signalings by targeting Ci and Armadillo (a homolog of vertebrate b-catenin which is involved in Wg signaling) respectively for processing and degradation by the ubiquitin/proteasome pathway. These data were obtained with weak slmb alleles and interestingly, the use of more or less strong slmb alleles have revealed involvement of Slmb in different mechanisms. As a matter of fact, studies with strong slmb alleles have shown that in the leg, loss of slmb function was accompanied by ectopic expression of both dpp and wg irrespective of D/V and anteriorposterior (A/P) restrictions, thus pointing out Slmb as an essential component to integrate A/P and D/V signals during development (Theodosiou et al., 1998) .
In a screen to isolate new negative regulators of Dpp (Mile Âtich and Limbourg-Bouchon, 1997), we have identi®ed new slmb alleles that we have genetically characterized as amorphs. Using these amorphic slmb alleles to perform somatic clones in legs and wings, we have determined that regulation of Dpp and Wg morphogens could be different from what has already been published using slmb alleles described as strong. We provide evidence that in limb discs, lack of slmb function derepresses wg transcription independently of Hh and modi®es normal dpp expression in the form of an enlargement of normal dpp domain. Several data indicate that this dpp modi®cation can be linked to imaginal cell regeneration following slmb 2 cells elimination. We have further explored the fate of slmb 2 clones, which disappear before adulthood, and found that an early apoptosis followed by a mechanism of sorting-out which excludes all slmb 2 clones from all imaginal discs account for slmb 2 cells disappearance. This last result gives new insights into slmb functions, suggesting that Slmb is likely to participate in an important cellular function probably independently of the Hh and Wg signaling repression, a function that would be essential for maintaining imaginal cells af®nities.
Results

2.1.
A null mutation of slmb is screened as an enhancer of a fused II mutation
Downstream of the Ptc receptor, the cytoplasmic Fused kinase, which is composed of a catalytic domain and a regulatory domain, has a dual role on Hh targets. The kinase domain is essential for obtaining a full length Ci protein, and therefore Hh target genes activation, whereas the regulatory domain would be involved in Hh target genes repression. In regulatory domain fused mutants, called class II (fu II ) (The Âr-ond et al., 1996) , negative regulation of dpp is affected, leading to a localized ectopic expression of dpp in the anterior compartment of wing imaginal discs (Alves et al., 1998) .
We isolated a P-insertion (P245) in the slmb gene as an enhancer of a fu II mutant phenotype. Anterior duplications affecting wings, legs, thorax and antennae of fu II /Y;slmb P245 /1 pharate adults (Fig. 1B ,C) are associated with a strong ectopic expression of dpp in the anterior compartment of imaginal discs (Fig. 1E,F) . Such phenotypes are also observed in fu II males heterozygous for either a Su(fu) deletion, a costal2 deletion (Pre Âat et al., 1993) , or a PKA 2 mutation (Fig. 1A) . Therefore, fu II mutants provide a sensitive genetic context to screen mutations which reduce the amount of Hh-target repressor proteins. The P245 insertion is homozygous lethal in ®rst instar larvae without any obvious associated phenotype. The P-element is inserted just after the second putative ATG (out of three present in the four ®rst codons). Such an insertion dramatically affects slmb transcription, since the amount of slmb mRNA is largely reduced in heterozygous slmb P245 individuals compared with wild-type individuals ( Fig. 2A) 26 are null alleles. We suggest that the embryonic lethality of strong slmb alleles described in Theodosiou et al. (1998) is due to a different genetic background.
We have cloned the slmb gene and identi®ed three transcripts ( Fig. 2A) . Two cDNAs have been isolated which only differ from each other in their 3'UTR ( Fig. 2B) , suggesting a complex slmb regulation at the transcriptional level. , and slmb P245 . We observed that adult defects differ when clones are induced during the ®rst/ second (L1±L2) or the third (L3) instar larvae.
When slmb 2 clones are induced during L1±L2, no mutant cells are found on adult cuticle and previously reported adult defects are observed. We add that wing duplications occur extremely rarely, while legs frequently exhibit bifurcations. In addition, we surprisingly observed ectopic legs exhibiting anterior and posterior structures (Fig. 3B) , a feature not reported previously (Jiang and Struhl, 1998; Theodosiou et al., 1998) . These supernumerary limbs differ from the double anterior limbs organized by ectopic hh expression (Basler and Struhl, 1994) or by PKA mutant clones (Jiang and Struhl, 1995; Pan and Rubin, 1995) . This suggests that the processes involved in PKA and slmb ectopic leg formation are not identical. In addition to limb phenotypes, we observed in the eyes that a fraction of the ommatidia is frequently replaced by dorsal head cuticule (Fig. 3D ) and that sometimes bulging of the eye surface occurs. The ®rst phenotype is similar to those resulting from ectopic expression of wg in the eye disc (Royet and Finkestein, 1997) , and the second one has been already observed when PKA -clones or ectopic hh are induced in the eyes, two situations in which dpp is ectopically expressed in the eye (Heberlein et al., 1995; Strutt et al., 1995) . Thus production of slmb 2 clones induces adult eye phenotypes reminiscent of a deregulation of either dpp or wg. slmb 2 clones induced in L3 only cause wing phenotypes consisting of ectopic veins (data not shown), ectopic wing margin bristles (Fig. 3E ,G,H) and small outgrowths affecting only one of the wing blade surfaces (Fig. 3F ). These two last phenotypes strongly resemble those caused by ectopic expression of wg in the wing (Diaz-Benjumea and Cohen, 1995) or by ectopic activation of Wg signaling (Couso et al., 1994) . Ectopic bristles were mainly wild-type, but occasionally one or two slmb 2 ectopic sensory bristles were found. This observation ®rst suggests that mutant cells homozygous for a null slmb allele are able to survive a few rounds of division before disappearing, possibly because of the perdurance of Slmb protein activity. If so, this perdurance would allow slmb 2 cells to survive, but would not prevent H UTR as a result of an alternative transcription termination. The putative slmb ORF could begin from one of the three ATGs present in the 4 ®rst codons. Insertion of PlacW transgene in P245 strain is indicated by a triangle. The P-element is inserted just after the second ATG in the slmb ORF, causing a 8 bp duplication including the two ®rst ATGs. the reorganizing effects of slmb 2 cells on their neighbors. Secondly, the presence of single rare slmb 2 ectopic margin bristles demonstrates that the lack of Slmb product has a cell-autonomous effect. Wild-type ectopic margin bristles also indicate a non-autonomous in¯uence of slmb 2 cells on the surrounding wild-type cells, inducing them to adopt a wing margin identity. This result cannot be explained by a constitutive activation of Wg signal transduction pathway as proposed by Jiang and Struhl (1998) , but it can be explained by ectopic wg transcription (Diaz-Benjumea and Cohen, 1995) .
Altogether, these results suggest that the lack of Slmb product leads to deregulation of different signaling pathways depending on the moment of its disappearance in the cells. The wing provides the most demonstrative example as early loss of Slmb induces adult phenotypes of Hh signaling derepression, whereas later loss induces phenotypes characteristic of a deregulation of wg transcription.
On the other hand, the occurrence of ectopic legs exhibiting A/P polarity, non described in previous studies, suggests that another signaling pathway than the one of Hh is disturbed in leg discs. This result lead us to study the expression of morphogens in null slmb clones.
dpp and wg derepression is not coincident in slmb 2 clones
Ectopic legs can result from a deregulation of either dpp, or wg, or both. At the center of leg imaginal discs, adjacent cells express high levels of dpp and wg, and the meeting of these two signals has been postulated to organize the proximo-distal (P/D) axis of the leg (Campbell et al., 1993) . Similar conditions are required to generate an extra P/D axis inducing formation of a supernumerary leg. Previous results have shown that dpp and wg are autonomously derepressed in slmb 2 clones. The results obtained with strong slmb alleles (Theodosiou et al., 1998) suggest that dpp and wg are both deregulated in slmb 2 clones. We have studied derepression of dpp and wg simultaneously in L3 imaginal discs carrying null slmb 2 clones induced in L2. The major event observed in leg imaginal discs (and also in antenna discs, data not shown) is a strong derepression of wg in slmb 2 clones lying both in the anterior and posterior compartments (Fig. 4C ,D,I±K). Ectopic dpp is not seen in ectopic wg dots and more generally is not detected at a distance from the A/P boundary (Fig. 4B,C) contrary to what was previously described with strong slmb alleles. In 
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2 clones in this eye should be dark red and wild-type twin clones white in an orange context. The fact that no dark red ommatidia is detected further demonstrates that slmb 2 cells are absent. Twin clones of wild-type cells (white) show a completely abnormal shape, compared with the triangular-shaped standard clones in the eye (Baker, 1978) . This is likely to be due to regeneration following slmb our clone experiment, dpp is never derepressed in slmb 2 clones that do not overlap the normal dpp domain (Fig.  4F±H ). We observe a new pattern of dpp derepression at the A/P boundary as an enlargement of the normal dpp domain (Fig. 4B,C) . Interestingly, the normal dpp domain can also exhibit interruptions, which always correspond to the presence of slmb 2 clones (Fig. 4F±H ). In our clone experiments, ectopic wg expression frequently crossed the normal dpp domain (Fig. 4C ). This substantial deregulation of wg might provide an explanation for the leg duplications observed in adults after slmb 2 clone induction. Complete ectopic legs could arise from the juxtaposition of dpp and wg-expressing cells close to the A/P border, by ectopic expression of wg in the dpp expression domain (which itself is broadened, thus improving the chances of coincident expression). Both anterior and posterior wild-type cells would then be recruited by the new organizing center and cooperate to form a perfect ectopic limb. Analysis of Distal-less (Dll) protein expression provides more evidence for this hypothesis. Dll activity is required for proximo-distal axis formation in the legs and is normally induced in response to interactions between wg-expressing cells and dpp-expressing cells (Diaz-Benjumea et al., 1994) . In fact, in leg discs carrying slmb 2 clones, ectopic Dll expression always occurs in the dorsal part of leg discs (Fig. 4E) , in the same location where Diaz-Benjumea et al. (1994) observed ectopic Dll when misexpressing wg in the dpp domain.
slmb represses transcription of wg in wing discs
In leg discs bearing slmb 2 clones, wg is derepressed in anterior ventral cells (as expected if Hh signaling is deregulated), but also in anterior dorsal cells and, at a lesser extent, in posterior cells (Fig. 4D) . In wing discs, where expression of wg is independent of Hh, we also observe ectopic wg expression in slmb 2 clones lying in the presumptive hinge and notum (Fig. 5D±F,H) . Ectopic wg expression never occurs in the presumptive wing pouch but rarely in the hinge (data not shown) where dpp is derepressed in anterior slmb 2 clones (Fig. 5A±C) . Nevertheless, dpp and wg are never both ectopically expressed in the same cells (Fig.  5G) . On the other hand, accumulation of Armadillo in the wing pouch is observed (Jiang and Struhl, 1998; Fig. 5I) as is the case when Wg signal transduction pathway is constitutively activated. These results are not consistent with the observation of slmb 1 ectopic bristles on adult wings. We discuss later this non-autonomous effect together with the transitory of slmb 2 clones (see below). In conclusion, dpp and wg transcription is not coordinately derepressed in null slmb 2 clones. They are derepressed independently and the choice of deregulating one or the other of the two morphogens depends on the identity of imaginal cells: leg and antenna imaginal cells respond to a lack of slmb function by deregulating wg, while wing and haltere imaginal cells deregulate dpp. In addition, sub-territories can be de®ned within imaginal discs, as in wing discs Fig. 4 . In leg discs bearing slmb 2 clones, ectopic expression of wg is the major event observed. All panels show leg discs containing slmb 8 clones induced in L2. In the left panel discs are stained with dpp-lacZ BS3.0 (A±C), digoxigenin-labeled wg RNA probe (C,D) and Distal-less antibody (E). In the right panel, slmb 8 clones are marked by the absence of Myc staining (green) (F,I). dpp-lacZ BS3.0 (dppZ) expression (G), and wg-lacZ (wgZ) expression (J) are shown in red. The superimposition of both stainings is shown in (H,K). Simple labeling for dpp (blue) (B), for wg (purple) (D) and double labeling (C) show that cells which express ectopically wg (thin arrows) do not ectopically express dpp and can be found anywhere in leg discs (but are more frequent in anterior compartment). The normal dpp expression domain is enlarged (B,C, compare with wild-type dpp expression in A) and some ectopic wg-expressing cells overlap the dpp expression domain (C, thick arrow). This overlapping results in ectopic expression of Dll (E) that always occurs in the dorsal part of leg (arrow). slmb 2 clones in the leg do not ectopically express dpp (F±H) but downregulate dpp expression at the A/P boundary (arrow in G). On the contrary wg is ectopically expressed in slmb 2 clones (I±K, arrows). All slmb 2 clones do not deregulate wg expression (arrowhead). The percentage of clones presenting a derepression of wg strongly¯uctuates in independent experiments.
where expression of dpp is derepressed in the hinge, wg in the notum, and Wg signaling (revealed by Armadillo protein accumulation) in the pouch.
2.5. In leg discs lacking Slmb, ectopic wg is epistatic on both normal and ectopic dpp
To examine the general response of imaginal discs to a reduction of slmb function, we generated L3 larvae homozygous mutant for slmb but partially rescued by expression of a hs-slmb 1 transgene (see Section 4). These animals underwent a daily one hour heat-shock until L2 (at which point they have undergone three heat-shocks and are called HS3 individuals) or until early L3 (HS4 animals). L3 imaginal discs of these individuals were then labeled for wg, dpp and ci.
In wing discs of HS4 individuals, derepression of dpp is strong in the anterior hinge region (Fig. 6A) but invades all the anterior part of the wing in HS3 individuals (Fig. 6B) . On the contrary, derepression of wg is rarely observed and is restricted to a duplication of the normal wg expression domain in the notum (data not shown). In HS4 leg discs, wg is derepressed in the anterior compartment as following a novel pattern: a well de®ned line emerging from the normal wg domain and going up to the dpp domain (Fig.  6C) . The dpp domain is only broadened and often inter- Fig. 5 . In wing discs, sub-territories can be de®ned in which either dpp transcription or wg transcription or Wg signaling is derepressed when imaginal cells lack Slmb product. All panels show wing discs containing mutant clones for the slmb 8 allele that have been induced in L2. Discs are stained with dpp-lacZ BS3.0 (dppZ) (B,C,G), wg-lacZ (wgZ) (E,F), digoxigenine-labeled wg RNA probe (G,H) and antibody for Armadillo (I). slmb 2 clones in the wing derepress dpp (A±C). Arrows point to two clones located at the surface of the disc which show that derepression of dpp is cell autonomous. Other clones are out of focus in the depth of the disc. Note that cells able to derepress dpp in the absence of Slmb product are restricted to the hinge (see also G and Fig. 8A,B) , and that clones in the wing pouch do not ectopically express dpp. slmb 2 clones derepress wg transcription when they arise in the distal region of the notum, and only a part of the cells in the clone ectopically express wg (E,F, arrows). This accounts for the small size of ectopic wg dots seen in H (arrows). (G) Double labeling for dpp (blue) and wg (purple) demonstrating that the cells which ectopically express dpp (arrow) in the anterior compartment do not also express wg. (H) Disc showing small groups of cells ectopically expressing wg (arrows) in the presumptive notum. (I) Ectopic expression of Armadillo (arrow) in the wing pouch and the hinge. Jiang and Struhl (1998) previously reported that Arm accumulates cell-autonomously in slmb 2 clones. Ectopic Arm protein accumulation may give rise to ectopic margin bristles observed on the wings of animals bearing slmb 2 clones (Fig. 3E ).
Fig. 6. Leg and wing imaginal cells react differently to a lack of Slmb product. Discs of larvae homozygous for slmb 8 and a hs-slmbL transgene were examined after partial rescue with three (HS3) or four (HS4) heatshocks. In HS4 individuals (A,C,D), double labelings for dpp (dpplacZ 10638 , blue) and wg (RNA probe, purple) shows a strong derepression of dpp in the hinge region of wing disc (A, arrow) and only an enlargement of the normal dpp domain in leg disc (C,D). Normal dpp domain is often interrupted (D). wg expression is not modi®ed in wing disc (A) but is extended in the anterior part of leg disc (C, arrow), as determined by a double wg/en-lacZ labeling (data not shown). In HS3 individuals (B,E), discs labeled with a ci RNA probe (purple) show that dpp (blue) invades a large part of the ci-labeled wing disc anterior compartment (B, arrow) but is reduced in the same compartment of leg disc (E, arrow). Compare with wild-type dpp expression in Fig. 4A. rupted (Fig. 6C,D) , as observed when slmb 2 clones cross the A/P boundary (Fig. 4F±H) . In HS3 leg discs, wg extends to the entire anterior compartment (data not shown) and concurrently, normal dpp domain practically disappears (Fig. 6E) . These results reveal that ectopic wg expression represses both normal and ectopic dpp expression.
These ®ndings suggest that the ®rst event which occurs in leg disc cells lacking Slmb product is the derepression of wg. Considering the mutual repression effect that dpp and wg have on each other (Brook and Cohen, 1996; Jiang and Struhl, 1996) , we assume that the extensive wg derepression observed in HS3 leg discs may be responsible for this loss of normal dpp expression (as the extensive derepression of wg in slmb 2 clones could explain the interruptions of the dorsal dpp expression; Fig. 4F,G) . In HS4 individuals, the weaker deregulation of wg and its later appearance, would then only weakly disrupt the normal dpp domain as is in fact observed. This hypothesis of epistasy of ectopic wg expression on dpp expression could explain that in leg discs only ectopic wg is detected in null slmb 2 clones. Weaker derepression of wg in clones for a strong slmb allele could allow ectopic dpp expression.
In a hypomorphic slmb context, dpp is derepressed but not wg
Interestingly, deregulation of wg in HS4 leg discs remains restricted to one compartment while slmb 2 clones could express wg ectopically anywhere in the anterior or posterior compartments. When we examine HS3 individuals, some perduring Slmb product 3 days after the last heat-shock can produce this difference. The study of the hypomorphic allele slmb 41 favors the idea that the amount of Slmb protein is critical for observed phenotypes. In slmb 41 homozygotes dpp is deregulated in wing discs (Fig. 7A ) as in null slmb 2 clones, but wg transcription is not affected (Fig. 7B) . If we sum up the data obtained with all the known slmb alleles, we observe that regardless of the slmb allele, dpp is always ectopically expressed in the anterior wing compartment. On the contrary, concerning wg expression in leg discs, no derepression of wg occurs in slmb 41 homozygotes, derepression of wg as target of Hh signaling appears in slmb 1 clones (allele described as hypomorphic by Jiang and Struhl, 1998) , derepression of wg happens in the whole anterior compartment of HS3 disc, and ®nally derepression of wg without any A/P restriction occurs in null slmb 2 clones. In addition, in these two last contexts, wg is derepressed in wing discs. Hence, slmb 2 phenotypes vary with the amount of residual gene function. dpp repression seems to be more sensitive to a decrease of slmb function than wg repression.
A new pattern of dpp deregulation occurs in slmb 2 contexts
In spite of the heterogeneity observed in the behavior of slmb 2 clones, leg and wing imaginal discs carrying slmb 2 clones nevertheless share a common characteristic: a broadening of the normal dpp domain. As a matter of fact, we observe that the derepression of dpp falls into two patterns: the dotted ectopic dpp expression previously described (Jiang and Struhl, 1998) , and an abnormal broadening of the normal dpp stripe at the A/P boundary. In wing discs, 48 h after clone induction, dpp derepression is manifest either as: 1) strongly dotted (Fig. 8A) ; (2) weakly dotted with a broadened band of dpp expression (Fig. 8B) ; or (3) exclusively as a broadened dpp stripe, which in this last case is always associated with a strongly reduced size of imaginal discs (Fig. 8C ). This broadening of the normal dpp domain is also observed in discs of HS4 individuals (Fig.  6C,D) and in discs of slmb 41 homozygotes (Fig. 7C,D ) providing evidence that this pattern is closely related to lack of Slmb. Such broadening of the normal dpp domain was reported by Brook et al. (1993) to occur during regeneration following extensive cell death. By X-irradiation, we have randomly induced apoptotic cell death in L3 larvae carrying either dpp-lacZ or wg-lacZ reporters in order to test if the expression of both morphogens is deregulated in response to cell death. We observe apoptotic cell death 12 h after X-irradiation (Fig. 8E) . Enlargement of normal dpp domain was detected 24 h after X-irradiation (Fig. 8F) . Our results con®rm the enlargement of normal dpp domain occurring in all imaginal discs after cell death and in addition reveal that this modi®cation is detectable starting from . Normal dpp-lacZ domain is signi®cantly broadened (arrowhead).
24 h after irradiation, in imaginal discs whose size is dramatically reduced. We further show that in the same conditions wg expression is not affected. These results suggest that cell death occurs after induction of slmb 2 clones in discs in which Slmb product is strongly de®cient.
slmb
2 clones are transient and correlated with regeneration effects Our examination of null slmb 2 clones in adults have shown that slmb 2 clones disappear before adulthood, but are likely to persist for some time during imaginal disc development, before being eliminated (see L3 induced clones above). To investigate the fate of the homozygous slmb 2 cells, we have followed slmb 2 clones, marked by the absence of either myc or armadillo-lacZ expression, from 24 to 96 h following clone induction. The unlabeled slmb 2 clones were clearly detectable 48 h after their induction. Interestingly, they often displayed a striking sphericalshape (Fig. 9C,D) which is quite abnormal if compared with the various shapes of clones induced in wild-type discs. Seventy-two hours after clone induction, no slmb 2 clones were observed, although wild-type twin clones were identi®ed.
These results are consistent with the observed ectopic expression of dpp and wg in discs harboring slmb 2 clones. Forty-eight hours after clone induction, dpp and wg transcription is derepressed in numerous dots while 72 h after clone induction ectopic expression has completely disappeared and, as mentioned above for X-irradiated discs, imaginal disc size is strongly reduced and the normal dpp domain is broadened. Given that intermediate dpp patterns can be observed 48 h after clone induction (very few ectopic dpp dots associated with a broadened normal dpp domain; Fig. 8B ), we conclude that slmb 2 clones disappear between 48 and 72 h after clone induction and that Dpp and Wg morphogens are thus transiently deregulated between 24 h (when ectopic expression cannot yet be detected) and 48 h after clone induction. Based on the above results, we propose that the broadening of the normal dpp expression domain in wing and leg discs carrying slmb 2 clones probably comes from imaginal disc regeneration following elimination of slmb 2 clones. Supporting this idea is the fact that imaginal discs of slmb 41 homozygotes also present a simultaneous broadening of normal dpp domains along with evident signs of cell loss, as imaginal discs of slmb 41 homozygotes are often reduced in size and frequently lack some structures, such as the presumptive notum in wing discs. Fig. 8 . Broadening of the normal dpp domain in discs bearing slmb 2 clones is similar to dpp deregulation observed after cell death induction. Different dpp-lacZ patterns are observed 48h after clone induction. (A) Wing disc showing a strong dotted dpp derepression (arrows) in the anterior compartment. Square is enlarged in Fig. 9F. (B) Wing disc of reduced size presenting two types of dpp derepression: a dotted one in the anterior compartment (less pronounced than in A) (arrow) and an enlargement of the normal dpp domain (arrowhead). (C) Wing disc of strongly reduced size with only a broadened but otherwise normal dpp domain (arrowhead). Compare with wild-type dpp expression in (D). A similar enlargement of the dpp domain is detected in all imaginal discs after extensive cell death. (E) A dpp-lacZ wing disc in which apoptotic cell death is detected by TUNEL 12 h after Xirradiation. (F) A wing disc 24 h after irradiation presenting a strongly reduced size and a typical enlargement of normal dpp domain, if compared with non irradiated discs (D). From this last observation, we conclude that it is likely that slmb 2 cells disappear not only when they are null for slmb but also when they function with residual Slmb activity (slmb 41 homozygotes).
slmb 2 clones are eliminated by sorting-out
We next asked whether slmb 2 clones are disappearing by cell death. To test this, we stained with acridine orange (AO) and TUNEL imaginal discs in which slmb 2 clones had been induced by FLP/FRT. These two techniques which stain degenerating cells and speci®cally detect apoptotic cell death (Abrams et al., 1993; White et al., 1994) gave identical results: an abnormal dotted staining was found in leg and wing discs 12 h after clone induction (Fig. 9A,B) . No staining was detected at later times (48, 72 and 96 h after clone induction). The fact that apoptotic cell death was also observed in discs of slmb 41 homozygotes (data not shown) strongly suggests that apoptotic cells are slmb 2 cells. In this case, not all cells of slmb 2 clones die, as slmb 2 clones could be observed 48 h after clone induction. Such heterogeneity might re¯ect a difference in Slmb perdurance from one cell to another, or a Slmb minimal requirement that could vary according to cell type. Nevertheless, given that no cell death was detected in imaginal discs 48 h after clone induction or later, a process other than cell death may be involved in the disappearance of slmb 2 cells. In fact, when examined with Nomarski optics at the critical age of 48 h, some slmb 2 clones appeared to be sequestered from adjacent cells by a furrow encircling the clone as if the clones were separating from the rest of the imaginal disc (Fig. 9D,E) . This phenomenon was detected 48 h after clone induction in all imaginal discs and without any compartmental restriction. Furrows could also be observed around some ectopic dpp dots 48 h after clone induction (Fig. 9F) .
This sequestering of mutant cells has been given the name of`sorting-out' by Lawrence and Struhl (1982) who ®rst described it for posterior compartment clones of cells mutant for the selector gene engrailed (en). They proposed that sorting-out might result from a change in mutant cells af®nities. The way in which slmb 2 cells disappear thus indicates that cell af®nities may be affected by the absence of Slmb product. This is con®rmed by the fact that slmb 2 cell populations become round, a sphere presenting the minimum contact surface area for a given volume.
Conclusion
slmb regulates different signaling pathways
The results obtained in three different studies (Jiang and Struhl, 1998; Theodosiou et al., 1998 ; this study), each using different slmb alleles, lead to the conclusion that slmb is involved in different signaling pathways. The present study with null slmb alleles shows that morphogen deregulations are transient, since slmb 2 clones disappear 48 h after induction. As the ectopic expression of morphogens in imaginal discs takes place for a short period (roughly 24 h), the observed phenotypes result from the perturbation of one developmental process at one time. By varying the moment when null slmb 2 clones are induced, it is possible to distinguish the different pathways in which slmb is involved during development. In addition, the rapid disappearance of the clones reveals which processes are sensitive (and which are not) to a transient deregulation of morphogens. For example, while very few adult wing duplications are observed after clone induction in L1/L2, leg duplications are frequent in the same clone experiment. We suggest that the expression of the genes involved in P/D patterning of the leg is sensitive to a short misexpression of wg in the normal dpp domain, while the reorganization of the anterior wing patterning would require dpp to be derepressed for a much longer period in the anterior compartment of the wing.
What happens in the wing pouch provides another example that the study of amorphic slmb alleles allows a subtle dissection of the processes in which slmb is required throughout development. The accumulation of Armadillo in L2 induced slmb 2 clones does not lead to any mutant phenotype in adult wings. This could be explained by a deregulation of the Wg signaling pathway (as Jiang and Struhl observed with weak alleles) and a later disappearance of null slmb 2 cells. On the other hand, the ectopic bristles we observed on adult wings result from amorphic slmb 2 clones induced in early L3. These ectopic bristles are mainly wild-type, thus they can only come from ectopic wg transcription. Therefore, our results strongly suggest that according to the developmental stages in which they are induced, slmb 2 clones do not deregulate the same signaling pathways.
Slmb is necessary to repress wg transcription independently of Hh/Ci
Our results indicate that slmb is involved in the repression of wg transcription independently of Hh signaling. In the wing pouch, wg transcription depends on communications between dorsal and ventral cells involving the Notch receptor (Diaz-Benjumea and Cohen, 1995) . Our ®nding suggests that slmb is involved in the proteasome-dependent degradation or proteic clivage (as shown for the NF-kB precursor (Palombella et al., 1994) ) of a putative regulatory protein of the Notch signaling pathway. This is in good agreement with the results of Schweisguth (1999) who proposed that the proteasome would be involved in the degradation of an active form of Notch, thus limiting the activation of the Notch targets.
In the leg disc, the mechanism responsible for wg transcription in the posterior cells is unknown. In the anterior compartment of imaginal discs, the transcription factor Ci is necessary to activate (or repress) Hh target genes. In the posterior compartment cells, engrailed represses transcrip-tion of ci (Eaton and Kornberg, 1990) . Thus, a deregulation of wg transcription depending on Hh signaling must be linked to ectopic ci transcription (Hepker et al., 1997) . We did not observe ectopic transcription of ci in the posterior compartment of leg discs bearing slmb 2 clones, neither a switching-off of en transcription. We conclude that a repression of wg transcription occurs in leg discs irrespective of the Hh/Ci signaling, and that Slmb is involved in this process.
slmb
2 cells induce apoptosis and sorting-out
In conclusion, two mechanisms appear to eliminate slmb 2 cells in imaginal discs: an early apoptosis which only concerns some cells, and a mechanism of sorting-out which excludes all slmb 2 clones from all imaginal tissues. The early apoptosis is possibly induced by differential cell adhesion: in this case, it would be classi®ed as an early sorting-out. Another possibility is that apoptosis is an alternative path to sorting-out when mutant cells form a 2±4 cell group (the theoretical size of a clone aged of 24 h) rather than an organized population of cells (as found 48 h after clone induction). This could be answered by investigating whether early apoptosis is causally linked to a modi®cation of cell af®nity. It is also important to investigate whether slmb plays a direct role in the appearance of apoptotic cell death. If so, slmb would act as an anti-apoptotic gene, and we have obtained preliminary results by generating slmb 2 clones in a context of apoptosis inhibition which seem to favor this idea.
An important feature of null slmb 2 clones disappearance is that sorting-out occurs regardless of the deregulated signaling pathway and of the type of imaginal disc. Therefore, it seems that this exclusion is not a result of the deregulation of these pathways but rather is the result of the deregulation of some other essential cellular mechanism shared by all imaginal cells. Since slmb encodes a F-box protein that would be involved in targeting degradation of proteins by the proteasome, we propose that slmb is necessary in a general process required for the proper functioning of many cellular mechanisms. Alteration of this process would then lead to such dramatic changes in cell af®nities that all slmb 2 cells would be excluded from all types of imaginal discs.
Methods and materials
slmb¯y strains
Males of transgenic PlacW-lines were crossed to FM3/w fu RX2 and to FM3/w f fu 1 females. One line, P245, was isolated as inducing lethality of males carrying fu RX2 but not fu 1 . 72 excision lines were generated and 56 reverted to wild-type after P-excision. Strong slmb alleles slmb 8 and slmb
26
, and P-allele slmb P245 , caused early larval lethality. A weak allele, slmb 41 , caused early pupal lethality. To study the phenotype of slmb 41 individuals, the mutation was balanced with TM6C and Tb 1 larvae were retained for further analysis.
Drosophila stocks
Wild-type¯ies were from the Oregon-R strain. The fu alleles used were described in Busson et al. (1988) . fu 1 is a class I allele whereas fu RX2 and fu a are class II alleles. Class I alleles correspond to alterations in the kinase domain and class II to alterations in the regulatory domain (The Ârond et al., 1996) . The Df(3R)e-R1/TM3 stock was from the Umea Stock Center. All other mutations or balancer chromosomes are described in Lindsley and Zimm (1992) . FLP, FRT, P(y 1 ry 1 )96E, dpp-lacZ BS3.0, dpp-lacZ 10638 and wglacZ stocks were obtained from the Drosophila Stock Center of Bloomington (Indiana). P(w 1 arm-lacZ) is a gift from C. Yanicostas.
Generation of slmb mutant clones
Two clone experiments were performed: (1) slmb mutant clones were induced in w; slmb P245 (Pw )96E larvae by X-rays irradiation (Busson et al., 1988) . y w; slmb P245 (Pw 1 ) mutant clones were identi®ed with y -and w 1 markers and wild-type twin clones with y 1 and w 2 . (2) Mitotic clones were also induced in y w hsp70-¯p; FRT82B slmb 8 or 26 P(y1)96E/FRT82B hsp myc larvae using the FLP/FRT system. Clones were generated by heat-shocking staged larvae at 378C for 40 min. y w; slmb 2 P(y 1 ) mutant clones were y 1 w 2 in adults and myc 2 in imaginal discs. Wild-type twin clones were y 2 w 1 and myc
1
. (3) FRT82B P(w 1mc armlacZ) chromosome was also used to visualize slmb 2 clones by the lack of lacZ staining.
Molecular techniques and rescue experiments
Genomic DNA surrounding the P-insertion site was obtained by Plasmid Rescue and used to isolate cDNAs from an imaginal disc library and an ovary library (kindly provided by Jean-Louis Couderc). Two different slmb cDNAs were isolated and fully sequenced: the imaginal disc cDNA K1 (GenBank AF 222923) and the ovary cDNA T (GenBank AF 222924). For the rescue experiment, a 3 kb PCR fragment was generated from the K1 slmb cDNA that included the entire ORF and a large part of the 3' untranslated region. This PCR fragment (slmbL) was cloned into the P-element vector pCaSpeR-hs for transformation. fu RX2 /Y; slmb P245 /TM3Sb; hs-slmbL/1 and slmb 8 / slmb 8 ; hs-slmbL/1 individuals raised at 258C were then heat-shocked every day at 378C for 1 h, from ®rst instar larvae until pupal stage. For imaginal disc analysis of partially rescued slmb 8 homozygotes, progeny of¯ies slmb 8 hs-slmbL/TM6TbSb raised at 258C was heat shocked daily at 378C for 1 h, starting from larval eclosion, during 3 (HS3), or 4 (HS4) days. L3 Tb 1 larvae were then dissected and stained.
Imaginal disc labelings
Digoxygenin labeled RNA probes were prepared from the following plasmids: a 2.4 kb wg cDNA cloned in pBluescript (gifts of R. Phillips), and a 1.1 kb ci cDNA (cDNA8) cloned in pGEM-7Z (gift of B. Holmgren). Whole mount in situ hybridization on imaginal discs was performed according to Masucci et al. (1990) . RNA probes were prepared using the digoxigenin RNA transcription kit from Boehringer Mannheim, following the manufacturer's instructions. Stained discs were mounted in glycerol and photographed on a LEICA MRD microscope with standard Nomarski optics. Double labelings were performed on imaginal discs stained ®rst with X-gal and secondly with digoxygenin-labeled RNA probe. Standard protocoles for immunouorescence and immunohistochemical staining of imaginal discs were used. Myc epitope expression was examined using the polyclonal antibody from UBI. Dll expression was detected with a polyclonal rat antibody (gift from G. Panganiban), Arm expression with the monoclonal antibody N27A1 from Developmental Studies Hybridoma Bank and b-galactosidase expression with the monoclonal antibody from Boehringer. X-gal activity staining was carried out as previously described in standard protocols.
Induction and visualization of cell death
Irradiation of L3 dpp-lacZ larvae with X-rays at a dose of 4000 rads was used to induce apoptosis (Abrams et al., 1993) . For acridine orange (AO) staining, imaginal discs of L3 larvae were dissected, stained and mounted in 1£ PBS without any ®xation. Staining was performed for 3 min in a 5 mg/ml acridine orange (Sigma) in 1£ PBS. Mounted samples were observed immediately by¯uores-cence microscopy in the green channel. Elapsed time from dissection of imaginal discs to the end of viewing was restricted to 20 min. TUNEL was adapted from White et al. (1994) .
